ABSTRACT
module also share a common function. Such an alignment of function and pleiotropy is 23 expected to facilitate adaptation by reducing the deleterious effects of mutations, and 24 allowing coordinated evolution of functionally related sets of traits. Here, we adopt a high-25 dimensional quantitative genetic approach using a large number of gene expression traits in 26 Drosophila serrata to test whether functional grouping, defined by GO terms, predicts 27 variational modules. Mutational or standing genetic covariance was significantly greater 28 than among randomly grouped sets of genes for 38% of our functional groups, indicating 29 that GO terms can predict variational modularity to some extent. We estimated stabilizing 30 selection acting on mutational covariance to test the prediction that functional pleiotropy 31 would result in reduced deleterious effects of mutations within functional modules. 32 Stabilizing selection within functional modules was weaker than that acting on randomly 33 grouped sets of genes in only 23% of functional groups indicating that functional alignment 34 can reduce deleterious effects of pleiotropic mutation, but typically does not. Our analyses 35 also revealed the presence of variational modules that spanned multiple functions.
36

INTRODUCTION
37
Pleiotropy has the potential to generate substantial evolutionary costs that scale with the 38 number of traits affected by each mutation. Assuming a mutation has the same magnitude 39 effect on each trait, the probability that a mutation will be favourable decreases as the 40 number of traits (n) influenced by a mutation increases (FISHER 1930) . Under the assumption 41 of universal pleiotropy, the rate of adaptation may also decline by a factor of n -1 (ORR 2000) . 42 Modularity has been proposed as a mechanism to reduce such potential costs of organismal 43 complexity (WAGNER 1996 within that group to 1000 sets of the same number of genes, randomly chosen from the 290 2951 genes with non-zero mutational variance that were not assigned to any of our 13 291 studied functional groups.
292
Mutational and standing genetic covariance within functional groups 293 We determined the genetic covariance between each pair of expression traits using 294 bivariate models within each functional group of genes in both the M and G lines separately.
295
For each pair of genes within a functional group, we implemented the bivariate form of the 296 model (1):
where and are design matrices for the line and replicate within-line random effects.
299
We modelled the covariance structure among traits at the line ( ) and replicate ( ) levels, 300 using unstructured 2 X 2 covariance matrices, and was a diagonal matrix containing the the confidence interval would be a conservative result.
394
As described above, estimates of s are only informative of selection operating on the major 395 axes of mutation, but selection may act instead on other dimensions. We therefore took a 396 second approach to test the hypothesis that mutations acting within a functional group 397 were under weaker selection than mutations affecting functionally unrelated sets of traits.
398
We determined the level of overlap between M and G matrices using Krzanowski's common 
RESULTS
414
Mutational and standing genetic variance in genes included in functional groups 415 The Heme, and Cuticle: Table 3 ). Furthermore, we found one functional group (NeuroT) that 443 showed lower levels of mutational covariance than random groups of genes of the same size 444 that did not belong to a common function (Table 3) . Therefore, it appears that genes within 445 a functional module are not typically affected by pleiotropic mutations to a greater extent 446 than functionally unrelated sets of genes (Table 3) . 447 To illustrate the variation in mutational pleiotropy represented by our functional groups, the Pleiotropy and selection on gene expression traits 558 We found weak evidence that variational modules were restricted to functional modules; in Table  898 2). The dots are the variances associated with each eigenvector in a descending order. The grey 899 shaded area represents the 95% CI of the 50 simulations estimating sampling error (se). 900 Table 1 ) and each column a BSF. The 903 number of genes within each functional module that also had a significant contribution to the BSF 904 (5% fdr) is listed, with shading from light to dark indicating few to many genes. 905 Table 1 : Description of the 13 selected functional modules. MF and BP describes whether the GO term is a Molecular Function or a Biological Process. Background is the count of all 8978 genes associated with Flybase Gene IDs recognised by DAVID that are associated with the corresponding GO term. Sample (FBgn) is the number of genes that are associated with the GO term and have H m 2 >0 when considering D. melanogaster FlyBase Gene IDs. Sample (genes) is the corresponding number of genes on the microarray; when multiple genes within the a functional module correspond to the same D. melanogaster homolog, the total number of genes in the functional module, listed under Sample (genes), is larger than the number of Flybase Gen IDs, listed under Sample (FBgn). Enrichment (p value) is the P value of enrichment for this term. Degree is the number of other GO terms to which a GO term relates, according to the GO term topology as revealed in Directed Acyclic Graphs. Overlap is the number of genes that can also be found in at least one other functional module. Genes with significant H m 2 show the number of genes in the group with significant H m 2 (P value). Median H m 2 and H g 2 show the median mutational and broad sense heritability respectively for the sampled genes of the group; median H 2 m is calculated only for the genes that had non-zero mutational variance. Level of significance (* <0.05, ** <0.01, *** <0.001) given by the median p value of 1000 Mann-Whitney tests comparing the univariate variances of the genes of the groups to the same number genes, randomly chosen among that were not included in any functional module. 
